A new model is presented which is well-suited for the calculation of the transport properties of ionized species in CFD simulations. A multicomponent mixture formulation and simple mixing rules are used to compute the transport coefficients of dissociated and ionized air from room temperature up to 30000 K at different pressures. Both formulations share little input data, which simplify the handling of the transport model. Introduction T HE knowledge of reaction rates and transport coefficients of ionized species is an essential prerequisite for many reacting flow simulations. The main objective of this paper is to develop a transport model which can be used in a number of applications, e.g. in hypersonic flows to predict the stand off distance of the shockwave in front of re-entry bodies or to predict surface heat loads. Further interesting applications in which detailed transport and reaction schemes are needed are plasma etch reactors for semiconductor manufacturing or internal combustion engines during spark ignition. These applications differ in gas composition, temperature and pressure range.
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This work focuses on the air mixture since here a comparison can be made with results published in the literature. The transport properties of a 15- , and e − ) are calculated for pressures of 10 −4 , 1, and 10 2 atmospheres in the temperature range from 300 to 30000 K. The present model uses combination rules of the molecular input data of the N gas phase species to determine the binary transport coefficients instead of calculating the N (N + 1)/2 collision integrals directly. Therefore, increasing the number of chemical species in the system by one can be accomplished without calculating the N new collision integrals of the new (N + 1)-species system.
Method
The transport model is based on the theory of dilute gases of Chapman and Enskog (CE-theory) as described in detail by Hirschfelder et al. 1 or Chapman and Cowling. 2 The transport coefficients in multicomponent mixtures are determined from binary transport coefficients which are derived from collision integrals. The present model uses pre-calculated and tabulated reduced collision integrals computed from different intermolecular potential functions.
Binary Transport Coefficients
The binary diffusion coefficients, the viscosity and thermal conductivity coefficients of pure species can be computed in first order of the CE-theory by the following equations:
[
A modified Eucken correction is used to take into account internal degrees of freedom for the calculation of the thermal conductivity. 3, 4 Therefore, the rotational collision number Z ∞ rot of the pure species must be known (cf. Tab. 1).
Reduced Collision Integrals
The reduced collision integral Ω (l,s) * describes the dynamics of the interaction of an elastic collision between two particles and can be interpreted as the deviation from the simple potential model of rigid spheres in which the reduced collision integrals becomes unity. It is
with the momentum collision cross section (6) and
The deflection angle
is related to the effective potential
and consequently related to the intermolecular potential function ϕ(r).
Interaction Potentials
In a partial ionized gas different kinds of binary collisions occur, depending on the charge number of the collision partners. Therefore, various interaction potential functions are considered.
is used to describe the interactions between neutral species at reduced temperatures T * = k B T / ik < 10. The potential parameters ik and σ ik are calculated from Lennard-Jones parameters ( i ,σ i ) and ( k ,σ k ) of pure species by the following combination rules: 
for the non-polar molecule i and the polar molecule k. If both molecules are non-polar or polar ξ is unity. If both molecules are non-polar δ is zero and if both molecules are polar µ i µ k is used instead of µ 2 k (Eq. 14). The reduced collision integrals are tabulated as functions of T * and δ max = 2δ. 
describes the interactions between neutrals (subscript i) and ions (subscript k) at T * = k B T /ˆ < 10. The potential parameters well depthˆ and position r m are estimated from polarizabilities using the method of Aquilanti et al.:
The parameter
describes the relative strength between the dispersion and the polarization force. The binary dispersion coefficient is determined by the combination rule
The reduced collision integrals are tabulated as a functions of T * and γ. 
is used at T * > 10 for neutral-neutral or neutral-ion interactions. The reduced collision integrals are tabulated as functions of ln(V ik /k B T ) and β ik .
9
For neutral-neutral interactions the potential parameters are calculated from Born-Mayer parameters of pure species:
For neutral-ion interactions an extension of the procedure of Tang and Toennies 11 is applied to get the potential parameters. A universal potential function
is assumed, whereas the first term is the exponential repulsive potential function and the other terms represent an infinity series of dispersion potentials weighted with damping functions. In the potential minimum this function and its derivation are related to the parameters of the (12-6-4)-potential function. Therefore, the two equationsφ
can be solved for V and β, when the dispersion coefficients C 2n are known. It should be noted that the original procedure is developed for neutral-neutral interactions (the summation in Eq. 24 starts at n = 3).
To consider polarization forces an extension is made:
A recursive formula is used to get higher orders of dispersion coefficients, when C 6 , C 8 and C 10 are known.
11
Koutselos and Mason 12 derived combination rules of C 8 and C 10 coefficients similar to the combination rule of C 6 (Eq. 20). Therefore, the quadrupole polarizabilities of ions and octupole polarizabilities of neutral and ions are additionally needed.
The shielded Coulomb potential
describes the interactions between charged particles. It depends on the reach of the electrostatic force, given by the Debye radius
The reduced collision integrals are tabulated 13 as a function of
Since the Debye radius depends on gas composition, the collision integrals must be calculated in each time step (or temperature step) of the simulation.
Resonant Charge Transfer
The resonant charge transfer (A + A + = A + + A) is a quantum-mechanical symmetry effect which decreases the binary diffusion coefficients. It is modeled by a simple approximation of collision cross sections
This leads to an analytical expression of the reduced collision integrals
with Ψ(3) = −Γ + 3/2 and Ψ (3) = π 2 /6 − 5/4.
Electron-Neutral Transport
The collision integrals of electron-neutral interactions are calculated by numerical integration of momentum collision cross sections or differential collision cross sections (Eq. 4 and Eq. 6).
Multicomponent Transport
The ordinary diffusion coefficients of the gas mixture are determined by solving a linear equation system by matrix inversion.
15
The thermal diffusion coefficients are calculated from binary thermal diffusion ratios.
16 Ambipolar diffusion effects are included.
17, 18
The viscosity and the frozen thermal conductivity of the mixture are calculated using the first iterative solution of the conjugate gradient method applied to the linear equation system, 19 which is about two times faster than by matrix inversion without sacrificing accuracy. The Eucken-Hirschfelder formalism 20 takes into account contributions from internal energies to the thermal conductivity. Furthermore, contributions due to chemical reactions are included as (ambipolar) diffusion of specific enthalpies. All these transport coefficients are computed using the first approximation of the CE-theory, except the transport properties of electrons. Simplified expressions for the calculation of the thermal conductivity (third approximation) and diffusion coefficients (second approximation) of electrons are applied. 21 The electrical conductivity is derived from ordinary diffusion coefficients.
Simple Mixing Rules
Mixing rules are used to save computational time. When thermal diffusion, pressure diffusion and external forces are neglected, the mass flux of the species i in the mixture
is proportional to the effective diffusion coefficient
The ambipolar diffusion coefficients of ions are obtained by multiplying the effective diffusion coefficients by the factor of two:
Then the mass flux of electrons is calculated by the conservation of charge neutrality
Finally, all mass fluxes are corrected to guarantee the vanishing of the total mass flux. The viscosity η and the frozen thermal conductivity λ of the mixture are computed using the simple mixing formula:
The parameter ζ is set to 1/4 in the case of ν = η and to 2/3 in the case of ν = λ. The electrical conductivity is given by
Molecular Input Data
The molecular input data of neutrals and ions is shown in Tab. 1 and Tab. 2. The transport model uses only 9 input parameters for each neutral, 4 parameters for each single-charged and 2 parameters for each multi-charged species.
Equilibrium Compositions
The equilibrium compositions of dissociated and ionized air are calculated as the steady-state of a rate equation model (perfectly stirred reactor) which consists of 94 elementary reactions and 15 species. The forward reaction rate coefficients are given in an Arrhenius form (cf. Tab. 3) and the reverse reaction rate coefficients are calculated from thermodynamic data. The thermodynamic properties (heat capacities, entropies, and enthalpies) of the species are derived from partition functions, whereas spectroscopic properties are used as input data.
23-25
The reactions can be classified in thermal dissociations (1-36), the Zeldovich mechanism (37-40), associative ionizations (41-52), electron-impact ionizations (53-58 and 83-94), and charge exchange . Fig. 1 shows the equilibrium compositions at different pressures. With increasing pressure the three-body collisions become more important and the equilibrium is shifted to the reverse reactions. Therefore, the dissociation and ionization processes are weakened and the mole fractions of the produced atoms and ions are smaller compared to these at low pressure at the same temperature value. 
Reaction Flow Analyses
Reaction flow analyses determine the characteristic reaction paths. They are performed at atmospheric pressure at temperatures of 3000 K and 15000 K, respectively (cf. Fig. 2 ). Note that only the most important reactions are shown and that the numbers of the rates of formation and consumptions are rounded, so that the total rates can deviate from 100 %.
The reaction flow analysis at 3000 K shows that O is mainly formed (69 %) by the thermal dissociation of O 2 , whereas N (99 %) and NO (99 %) are produced by the Zeldovich mechanism. At 15000 K N 
Sensitivity Analyses
Sensitivity analyses identify the rate-limiting reaction steps. They are performed at atmospheric pressure with respect to NO at 3500 K, to NO + at 7000 K, and to e − at 12000 K, respectively (cf. Fig. 3 ).
The sensitivity analyses show that with these increasing temperatures the Zeldovich mechanism (37) (38) (39) (40) , the associative ionizations (41) (42) (43) (44) (45) (46) and the electron-impact ionizations (83-86) are the ratelimiting reactions steps. At high temperatures, charge exchange reactions (69,70) also have got noticeable sensitivities.
These reactions have an important role in the reaction system of dissociated and ionized air and their rate coefficients must be well-known, especially in nonequilibrium simulations.
Transport Properties
The transport coefficients of the air mixture are computed on basis of the pre-calculated equilibrium gas compositions. The binary transport coefficients, except those derived from collisions between charged particles, can be determined without knowing the gas composition, and therefore they are pre-calculated as a function of temperature. 
Binary Diffusion Coefficients
In a system of 15 species 120 binary combinations are possible. Fig. 4 and 5 show four important examples of the diffusion coefficients as a function of temperature at atmospheric pressure which are compared to literature values. Only interactions between neutrals and between neutrals and ions are shown, because of their independence on gas composition.
The binary diffusion coefficients of the N-N interaction are computed for three different sets of BornMayer parameters (cf. Fig. 4) 
Viscosities
The calculated viscosities of the air mixture are compared with the results of Gupta et al. 35 and at atmospheric pressure with the computations of Murphy 36 (cf. Fig. 6 ). At atmospheric pressure a parametric study is performed. The magnitude of the maximum of the viscosity depends on the Born-Mayer parameters of the N-N interaction, because the atomic nitrogen is the main species of the equilibrium gas composition in the temperature range near the maximum. The present model uses the values of Capitelli and Devoto (cf. Fig. 4 greater than at low pressures and therefore the interactions between neutrals and charged particles become more important at high temperatures. The computations on basis of the simple mixing rules are about two times faster than the multicomponent formulation. The viscosities are nearly the same until the maximum of the first ionization is reached. At higher temperatures the gradients of the curves look similar, but the values computed by the simple mixing rules are much smaller than those predicted by the multicomponent formulation. The reason is, that the simple mixing rules consider only the transport coefficients of pure species: the attractive Coulomb and ion-neutral interactions are neglected (cf. Eq. 37). A variation of the parameter ζ leads only to a small improvement in this high temperature range.
Thermal conductivities Fig. 7 shows the contributions of the thermal conductivities and a comparison of the total thermal conductivity with the results of Gupta et al. and Murphy.
Below 15000 K the main contribution of the thermal conductivity is due to chemical reactions caused by O 2 -and N 2 -dissociation and ionization. At higher temperatures the contribution of electrons is dominant. The third approximation of the CE-theory leads to higher values than computed by the first approximation.
At atmospheric pressure the total thermal conductivity is in good agreement with the result of Murphy, whereas the computations of Gupta et al. are significant smaller. These differences increase with increasing pressure and can be explained by the differences in approximation of the CE-theory used in the calculations. The Gupta model has used only the first approximation for the electron transport properties.
Because the interactions between charged particles, mainly the interaction between two electrons, are included by a very accurate calculation (3rd approximation) in both formulations, the results obtained by multicomponent formulation and simple mixing rules are in good agreement. Deviations are only found at the ionization maximums. 
Electrical conductivity
At atmospheric pressure the computed electrical conductivity (second approximation) is very similar to the results of Murphy and in good agreement with the experimental results of Asinovsky et al. 37 (cf. Fig. 8 ). The calculations of Yos leads to lower electrical conductivities. The values computed by the simple mixing rules (first approximation of the CE-theory) are significant smaller and only at low temperatures in agreement with the experimental results of Schreiber et al. 
Concluding Remarks
Compared to the results published in the literature already, it is shown that the methods presented in this paper are able to capture the essential physics of the transport processes of reacting air at high temperatures. Discrepancies mainly result from different collision integrals used in these studies.
In general, the model presented is well-suited to be implemented in CFD simulations of ionized gases, where the computational time needed to compute transport quantities is an important issue in parametric studies. Higher approximations of transport properties of electrons must be included to guarantee accurate results. The simple mixing rules are more than twice as fast than the multicomponent formulation and in usual cases the accuracy is adequate, except for the computations of viscosity. Here, further explorations are necessary.
Tables and Input Data
Tabs. 1 and 2 contain the molecular properties of neutrals and ions which are used as input data of the transport model. In Tab. 3 the Arrhenius parameters of the elementary reactions used in the calculations of the equilibrium air composition are shown.
Momentum collision cross sections between electrons and N 2 , NO, and O 2 , respectively, are given by Phelps et al. 39 The total collision cross sections of Neynaber et al. 40 are used to calculate the collision integrals between electrons and N.
is assumed, since no data is available for Q (2) . O-e − collision integrals are calculated from momentum collision cross sections of Thomas and Nesbet.
41
The dipole moment of NO is 0.159 Debye, 42 all other species are non-polar. Since no literature data is available, the oscillator model
is used to obtain an estimation of the quadrupole polarizability of neutrals from ionization energy E ion .
42
The dispersion coefficients of pure charged species are often unknown, because of the domination of Coulomb forces for such interactions. To evaluate this data, three estimations are suggested. The combination rule (Eq. 20) is used to calculate the dispersion coefficient of pure species, when the polarizabilities of both species and the dispersion coefficients of the binary mixture and of the other pure species are known. The Slater-Kirkwood formula
can estimate the dispersion coefficient from the number of equivalent electron oscillators in the particle N e . The simple formula Table 3 Reaction mechanism of dissociated and ionized air: Arrhenius parameters are given in cm 3 mol −1 s −1 and kJ mol −1 .
